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Abstract 
The kinetics and the mechanism degradation of erioglaucine dye in aqueous solution irradiated under Ȗ-rays from 
60Co are investigated. From the results of the absorption UV-Vis spectra of 0.7 mM erioglaucine solution as 
function of dose, the concentration of erioglaucine decreases exponentially with increasing the Ȗ-irradiation dose 
and the plot on a logarithmic scale against the dose shows a clear pseudo first order rate. The apparent pseudo-
first order rate constant (kapp= 1.8×10-3 min-1) was calculated. We also found the degradation mechanism as 
results of mass-spectrum analyses of the degradation products under the Ȗ-irradiated erioglaucine solution. The 
results show that the principal cleavage is the C-N bond. 
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1. Introduction 
Dyes are used in many industries such as textile, dyestuff, leather, printing, cosmetic, food technology, hair 
colouring, and agriculture research [1-3]. They are mainly two classes of dyes: natural derived from plants and 
synthetic dyes (man-made). Synthetic dye have replaced the traditional natural dyes because they cost less, they 
offer a vast range of new colors, they are fastness to light and washing, there are chemical stable, general use and 
they have the advantage of being very pure. 
 
* Corresponding author. Tel.: +33-4- 66397419;  Fax: +33-4-66791493 
E-mail address: sylvain.faure@cea.fr. 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier B.V. Selection and /or peer-review under responsibility of the Chairman of the 
ATALANTA 2012 P ogram Committ e Open access und r CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
648   F. Azar et al. /  Procedia Chemistry  7 ( 2012 )  647 – 653 
Many of synthetic dyes are classified as toxic, health hazard and others as carcinogenic because they contain 
aromatic rings. High energy gamma rays is an efficient radiation treatment designed to treat by oxidation the 
effluent discharged from chemical industries, which contain a high concentration of dyes [4]. The advantages of 
using gamma irradiation to decontaminate wastewater liquid effluent are eco-friendly methods, simple and easy 
technique compare to conventional processes such as physicochemical (photo-Fenton oxidation and ultrasonic 
treatment) and biological processes is considered as less efficient for removing organic materials in wastewater 
and high operational cost [5].  
 
When an aqueous solution is irradiated under J- ray, the interaction between J-rays and water molecules 
generate primary species such as hydroxyl radical, hydrated electron, hydrogen radical, di-hydrogen and water 
oxygen according to the equation below: 
 
 xxo aqaq OHHOHHOHHeOH 2222
J  
 
Radical species can react rapidly with organic compound and lead to the destruction of their chemical 
structure.  As an example, the study of You-Peng Chen et al. [6] on the methyl orange, a non-azoic dye, had 
shown that the decomposition of the dye was processed with -C-N- cleavage. Another study of Grodowski et al. 
[7] showed that the destruction of diphenyloxide is suggested by a cleavage of C-O bond leading to the formation 
of phenol.  
In CEA Marcoule, preliminary stability studies of ten dyes under J-rays were investigated such as: Congo 
Red, Auramino O, Erioglaucine, Xylenol orange, Reactive black 5, Safranine O, Methyl Red, Methyl orange, 
Rhodamine 6G and Black erichromeT. We selected the erioglaucine dye to precise the kinetic of discoloration 
and the mechanism of degradation, because the results shown that it is one of the most sensible dye to J-
irradiation. Furthermore, he is not harmful, so we can use it in the laboratory without any constraints. As reddish 
blue powder and soluble in water, it is a synthetic dye derived from cool tar produced in large amount. It’s found 
in ice cream, tinned processed peas, dairy products, sweets and drinks. It is commonly used for preparing soap, 
shampoos and other hygiene and cosmetics applications. 
2. 2. Results and discussion 
2.1.    Kinetic study 
The erioglaucine di-ammonium salt dye (C.I name is acid blue 9 or Brilliant blue FCF, F. wt = 792.86 and 
molecular formula: C37H34N2Na2O9S3) was purchased from Sigma Aldrich and used without any treatment. Initial 
solution of 0.7 mM eriglaucine aqueous solutions was prepared by dissolving 274.5 mg in a 500mL flask using 
Milli-Q water. The solutions were irradiated using J-rays from 60Co in a 25 mL Pyrex bottle at IONISOS 
Dagneux, at room temperature (25°C), at neutral pH and at various doses: 0, 0.5, 1, 2, 4, 6, 8, 10, 12 and 15 KGy 
and 500 Gy/h dose rates. 
The Fig. 1 [A] illustrates the change of the absorption UV-Vis spectra of 0.7 mM erioglaucine aqueous 
solution diluted 50 times before scanning as function of dose. The UV-Vis spectra were recorded using a 
Shimadzu UV_Vis spectrophotometer (UV-1800 PC, Shimadzu Co.). 
The Absorbance of the solution is proportionally related to the concentration of the dye using the Beer 
Lambert law equation: 
ClA uu H , 
Where A is absorbance, l is the path length of the sample (1 cm), C is the concentration of the dye in the 
solution andH  is the molar absorptivity obtained by calibration curve (99200 mol.L-1.cm-1). 
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Fig. 1.   [A]- UV-Vis absorption spectra of erioglaucine solution prior and during the irradiation. 
                               [B]- Discoloration of erioglaucine solutions as function of the dose. 
The Fig. 1 [A] reveals the major pick of the chromophore (triarylmethane) at 629 nanometer in the visible 
region. The amplitude of this peak decreases during the J-irradiation, indicating the decomposition of the dye. On 
the other hand, other peaks (from 230 till 270 nm) increase while increasing the dose indicating that some 
uncoloured degradation product appears.  The Fig. 1 [B] shows the discoloration of the solutions at naked eyes. 
At 15 KGy, the decay of dye degradation irradiation reaches 96% and the coloration has totally disappeared. 
Moreover, the kinetics of degradation fitted well to the pseudo first order rate expression: 
    tkCLnCLn app u 0  
Where kapp is the pseudo-first order rate constant (min-1), t is the time of irradiation (min) and C0 and C are the 
initial concentration and the concentration value at a time t of the dye solution, respectively. 
The Fig. 2 shows the concentration of dyes and the logarithmic (C°/C), left and right y axis respectively, as 
function of time exposition.  
The concentration decreases exponentially with respect to the dose, and as ln(C0/C) increases linearly with the 
dose, the decay was plotted on a logarithmic scale against the dose, a clear pseudo first order rate is observed and 
the apparent pseudo-first order rate constant was calculated from the slope of this straight line ( kapp= 1.8×10-3 
min-1 , R2= 0.9954).  
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Fig. 2. Concentration of dyes (left y axis) and logarithmic (C°/C) (right y axis) as function of time exposition. 
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2.2. Degradation mechanism 
For the purpose of identifying the different radiolysis products generated under J-irradiation, we used the mass 
spectrometer (Bruker Esquire 3000 plus ion trap) as an analytical method to measure the mass-to-charged ratio of 
charged particles. The ionization system is API-ESI (Atmospheric Pressure Interface-Electro Spray Ionization). 
A solution of sample is sprayed through a needle into the spray chamber. The needle resides inside a tube, where 
nebulizing gas (nitrogen) is added for a good spray and steady ion current. This produces droplets of sample. A 
heated drying gas (nitrogen) is introduced into the spray chamber to help evaporate the solvent from the droplets. 
In the spray chamber, the droplets are also subjected to a high-voltage electrostatic gradient. The gradient assists 
in the production of droplets and ions. The droplets evaporate and ions are ejected. The electrostatic gradient 
guides the ions towards a glass capillary. The pressure differential between the spray chamber (about 1.013 bar) 
and the ion focusing and transport region (1.3 mbar) pushes the ions through the capillary. Finally, the ions are 
led through to the detector (conversion dynode based system) where helium gas is introduced into the ion trap for 
an efficient trapping and cooling of the ions generated by the electro spray ionization. 
Under dehydrated and vacuum conditions, sodium ions could be linked with the sulfonate bonds either of the 
dye (structure given in Fig. 3) or of the produced molecules formed by irradiation. 
 
 
Fig. 3. Structural formula and the bond cleavage for erioglaucine di-sodium salt. 
              
 
Fig. 4.  Positive [A] and negative [B]  MS m/z spectra of the erioglaucine solution before irradiation. 
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As we can see in Fig. 4 below, before irradiation on positive mode (Fig. 4 [A]) we observe the m/z= 815 dye 
linked with three atoms of sodium (z=+1). Furthermore, on the negative mode (Fig. 4 [B]), m/z =373 and 769.12 
corresponds respectively to the dye without sodium atoms (z=-2) and linked with one atom of sodium (Z=-1).      
 
The Fig. 5 [A] and [B] shows the positive and negative m/z spectra of the erioglaucine solution irradiated at 
10 KGy respectively (88% of initial concentration of dye was degraded from previous UV-Vis study).  
 
   
Fig. 5.  Positive [A] and negative [B]  MS m/z spectra of the erioglaucine solution and at 10 KGy. 
The Fig. 5 [B] shows that the peak of erioglaucine at m/z=373 (z=-2) is still observed but with a smaller 
intensity, indicating the degradation of molecule dye. 
 
According to the Fig. 5 [A] and [B], the major intensive peaks are 623 and 593 m/z respectively. These peaks 
became stronger according to the absorption dose increase, and comes from the degradation of erioglaucine dye 
through out the bond C-N numbered 1 and 6 in the Fig. 3. The products of the broken bonds (1 and 6) are 
described in Table 1. 
 
Table 1. Radiolysis degradation of C-N bond (numbered 1 and 6 in Fig. 3). 
 
 molecule A molecule B molecule O 
Link m/z=-171 m/z=-577 m/z=+431 
+2Na+  m/z=+623  
+HO•  m/z=-593 m/z=+447 
+2HO•  m/z=-609 m/z=+463 
+2Na++ HO•  m/z=+639  
+2Na++ 2HO•  m/z=-655  
 
The molecule A linked with two atoms of sodium gives another molecule (A-2Na+) with a ratio of mass-to-
charge equal +623. 
 
As its also well-known hydroxyl radicals are hydrophilic species and they can react in a very fast reaction with 
any bond in the aromatic rings, and be added to the molecule structure in orto-meta or para as it can be seen in 
the reaction below [7].  
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The peaks which corresponds for a ratio mass-to-charge=-593 and -609 in negative mode is be assigned to the 
molecule B with one and two hydroxyl radical added to the aromatic ring respectively. On the other hands, in 
positive mode, the picks of m/z=+639 and +655 is assigned to the molecule A-2Na+ linked with one and two 
hydroxyl radicals added respectively. Further more, the addition of one and two hydroxyl radical to the molecule 
O give rise for two species observed in positive mode at a mass-to-charge ratio=+447 and +463 respectively.  
The Fig. 6 summarizes the degradation product of erioglaucine formed under J-irradiation. The cleavage of the 
bonds C-N,  C-S , C-C, C=N and C=C is attributed respectively to the molecules A+B+E+F+M+N, C+D, G,H, 
I+J and K+L found in  the mass spectrum. 
Nevertheless, direct homolytic cleavage of the C=N or C=C double bond is hardly probable (dose > 6KGy). 
Then, this cleavage probably results from cleavage of the single bond near aromatic cycle induced by the 
rearrangement of the formed radical. 
 
Fig. 6.  Radiolytic products of erioglaucine dye under J-rays. 
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3. Conclusion  
Mass spectroscopy and UV-Vis spectroscopy precise two complementary mechanism: the kinetics 
discoloration and the mechanism of degradation. J-irradiation on erioglaucine induces five major cleavages: C-N, 
C=C, C=N, C-C and C-S.  The most principal cleavage is the C-N bond (shown in number 1 and 6 on the Fig. 3). 
All the cleavage is responsible of the solution fading and the decreasing of peak absorbance at 629 nm. The 
coloration is related to the concentration of the dye that decreases exponentially with increasing of the dose.  
In the future, the quantification of the radiolytic product and the sequence of the cleavage will be more 
precisely described as function of the dose using nano-LC/MS.  
In a later step, the behaviour of erioglaucine under alpha radiation for instance induced by actinides ions will 
be compared to J external irradiation. 
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